The activation of a telomere maintenance mechanism (TMM) is indispensable for cellular immortalization, a hallmark of human cancer. Although most human cancers use telomerase as their TMM, some use an alternative lengthening of telomeres (ALT) mechanism. The latter especially include specific subtypes of soft tissue sarcomas where ALT occurs most often in tumors with complex karyotypes, astrocytic brain tumors and osteosarcomas. The prognostic significance of ALT varies according to the type of tumor. Some ALT cells have atypical features, suggesting the possibility that there is more than one ALT mechanism. ALT cells are characterized by instability at a specific minisatellite locus (although they are stable at microsatellite loci) and by high rates of telomeric recombinational exchange. We propose a revised model whereby unequal telomeric exchange and asymmetrical chromosome segregation could result in telomere length maintenance in a cell population. In at least some ALT cells, telomere maintenance requires the integrity of the MRN (MRE11-RAD50-NBS1) recombination complex and is efficiently repressed by its sequestration. Microsatellite instability (MSI) often results in disruption of MRN, so ALT may usually be incompatible with MSI. We suggest that ALT in human tumors is a dysregulated version of an aspect of normal mammalian telomere homeostasis, which may be a vestige of the TMM used by ancient eukaryotes. Understanding the molecular basis of ALT has important implications for the diagnosis and treatment of tumors that use this TMM.
INTRODUCTION
Telomeres are specialized structures at the end of chromosomes, and in human cells they contain repetitive (TTAGGG) n DNA. In most human somatic cells, the telomeres lose 50 -150 bp per cell division. When the telomere length declines below a certain threshold, an irreversible growth arrest state named replicative senescence is triggered. Cellular senescence may prevent the chromosomal instability that accompanies extreme telomere shortening, and the limitation it imposes on proliferative potential is also thought to suppress tumorigenesis (1) . Many cancers contain cells that have escaped from this limitation by activating a telomere maintenance mechanism (TMM). Most commonly, this is achieved by the activation of telomerase (2) , but some cancers maintain telomere lengths by one or more mechanisms that do not involve telomerase [alternative lengthening of telomeres (ALT)] (3). Here, we review recent developments in understanding the molecular details of ALT and its significance in human cancer.
ALT REQUIRES A FUNCTIONAL MRN COMPLEX
It has been known for some time that the ALT mechanism most likely involves recombination-mediated DNA replication. Saccharomyces cerevisiae cells that survive in the absence of telomerase require a functional RAD52 gene (4) , which encodes a protein required for DNA recombination. The class of survivors (called type II) with a telomere phenotype that most closely resembles human ALT cells is also dependent on RAD50 (5), a component of a protein complex that is involved in recombination. Individual telomeres in human ALT cells undergo steady telomere attrition upon which sudden lengthening and shortening events are superimposed in a manner that is suggestive of recombination (6) . One of the hallmarks of the ALT mechanism is the presence of ALT-associated PML bodies (APBs), which are subnuclear structures where PML protein colocalizes with telomeric DNA, telomere-binding proteins and several proteins involved in DNA synthesis and recombination (7) . The latter include the MRE11/RAD50/NBS1 (MRN) complex (8, 9) . APBs appear as soon as ALT is activated (7) and disappear when ALT is repressed in somatic cell hybrids (10) . Functional evidence for the involvement of recombination in the ALT mechanism was provided by showing that DNA sequences are copied from telomere to telomere in ALT cells (11) . These observations are all consistent with ALT being a recombination-mediated DNA replication mechanism.
The first molecular details of ALT in human cells are now beginning to emerge. It had previously been found that impairment of NBS1 function inhibited formation of APBs (8) . Recently, it was found that over-expression of SP100 (a protein which is a constitutive component of PML bodies) in ALT cell lines is able to sequester the MRN complex and inhibit the formation of APBs (12) (Fig. 1) . This caused suppression of the ALT mechanism, as demonstrated by disappearance of the rapid telomere length changes typical of ALT and by steady telomere shortening at the rate seen in TMM-negative normal cells (12) . There is no evidence that SP100 is normally involved in regulating ALT, but this study established the first functional link between a protein complex and ALT, thus providing empirical tools for its disruption.
INSTABILITY OF A SPECIFIC MINISATELLITE LOCUS (BUT NOT MICROSATELLITE LOCI) OCCURS IN ALT
Sister chromatid exchange (SCE) was not found to be increased at interstitial sites in ALT cells (13) , and the overall frequency of homologous recombination was found to be similar in ALT and telomerase-positive cell lines (14) . The recombination-mediated DNA replication that occurs in ALT cells thus does not appear to be accompanied by a global increase in recombination. It was therefore surprising that a specific minisatellite (MS32) was found to be highly unstable in a subset of ALT cell lines, but not in telomerasepositive or mortal cultures (15) . High mutation rates at this particular locus were also seen in a subset of ALT-positive soft tissue sarcomas, indicating that minisatellite instability occurs in vivo and is not a culture artifact. However, the association between minisatellite instability and ALT is not a generalized phenomenon: four subterminal minisatellites analyzed in this study were not unstable in ALT tumors, despite being highly recombinogenic in the germline (15) . The reasons for the association of ALT with increased exchange rates at a specific chromosomal site remain to be clarified.
In contrast, microsatellite instability (MSI) has not been observed in ALT cells (16) . MSI arises from disruption of the mismatch repair (MMR) mechanism. Disruption of proteins involved in MMR led to increased proliferation in telomerase-null yeast strains prior to emergence of survivors (17) and to increased frequency of aberrant homologous recombination in human cells (18) . In human cells, however, MMR-deficiency may often be incompatible with ALT because MSI usually results in disruption of the MRN complex (19) .
ALT IS CHARACTERIZED BY INCREASED RATES OF TELOMERIC RECOMBINATION
It has been found recently that ALT cells undergo postreplicative telomeric exchanges with higher frequency than telomerase-positive cells (13, 14) . In addition, as mentioned earlier, SCEs were not increased at interstitial sites in ALT cells, in agreement with a report describing similar frequencies of homologous recombination in ALT and telomerase-positive cell lines (14) . It could be argued that telomeres of ALT cells might simply have a higher probability of recombining because of their considerable length, but this seems not to be the case, as telomerase-positive cells with very long telomeres showed no significant increase in telomere exchanges when compared with mortal cells (13) . Hence, telomeric recombination seems to be genuinely associated with the ALT mechanism. One possible explanation is that activation of ALT results in recruitment of proteins required for SCE at telomeres. If so, repression of ALT should result in normalization of the telomeric SCE rates. Alternatively, telomeric recombination might be an upstream event in a pathway of molecular changes that are necessary but not sufficient for activation of ALT. These hypotheses need to be tested.
It needs to be noted that, although the telomeric exchanges are often referred to as telomeric SCEs (t-SCEs), the chromosome-orientation FISH (CO-FISH) technique used to detect them cannot determine whether the exchanges involved sister chromatids or whether they involved other telomeres or even extrachromosomal telomeric DNA. It is also possible that there is more than one source of telomeric exchanges. In addition to exchanges that are related to ALT, there may also be telomeric SCEs that result from DNA damage: telomeres are vulnerable to breakage by specific forms of DNA damage (20) and SCEs are involved in the repair of double-strand breaks (21) .
It has recently been proposed that unequal SCE at telomeres might be responsible for the rapid telomere elongation and shortening events observed in ALT (22) . Before mitosis, homologous recombination occurs between symmetrically paired chromosomes or sister chromatids and leads to exchanges of equal amounts of DNA. However, telomeres are repetitive sequences, and sister chromatids can find sites of homology anywhere along their length. If alignment between the two telomeric strands occurs asymmetrically, homologous recombination results in a net gain of telomeric sequences in one chromatid and a net loss in the other (Fig. 2) . In this case, the daughter cell that inherits chromosomes with almost depleted telomeres would soon senesce and be lost from the population, but the one inheriting chromosomes with elongated telomeres would have an increased proliferative potential. If sufficient numbers of t-SCEs occurred, a cell population could survive by lengthening telomeres in some cells in this way and sacrificing the cells in which telomeres were depleted. Furthermore, if this process is repeated whenever telomeres become excessively shortened, the population would effectively become immortal.
To be effective, however, we propose that this mechanism would need to be coupled with unequal segregation of chromosomes at mitosis, leading all those with lengthened telomeres to the same daughter cell. It is claimed that asymmetrical segregation of DNA strands occurs in adult stem cells (23) , and it is possible that this process may be regulated by telomeres: hematopoietic stem cells can be divided into distinct subpopulations with extremely different telomere lengths (0.1 -33 kb) (24) . It would be interesting to speculate that the short-telomere stem cell progenies are bound to differentiate, whereas the long-telomere clones are retained in the progenitor compartment, thus keeping the self-renewal potential of the population intact. It is conceivable that telomerase-negative cells could adapt this mechanism in order to bypass the limits on proliferative potential, but no supporting experimental evidence is available yet.
THE ROLE OF EXTRACHROMOSOMAL TELOMERIC REPEATS IN ALT CELLS
ALT cells contain abundant extrachromosomal telomeric repeat (ECTR) DNA, in linear, t-loop and circular forms (7,25 -28) . Extrachromosomal t-loops and circles might be generated by abortive telomeric exchanges or by inappropriate repair of the Holliday junction structure formed by the t-loop at the insertion of the single-stranded telomere terminus into duplex telomeric DNA (Fig. 3) . In this regard, it is interesting to note that circular ECTR can also occur in non-ALT cells when the function of TRF2 is disrupted (28) . TRF2 is required for the establishment of t-loops (29a) and presumably is involved in protecting the Holliday junction structure from repair (28) . APBs appear to contain both linear and circular forms of telomeric DNA (A. Muntoni, C. Fasching and R. Reddel, unpublished data). Linear ECTR might participate in ALT telomere elongation either as a template for recombination-mediated replication or by an end-joining reaction, but it is mostly short (up to a few kilobases) and is unlikely to account for the rapid gains of telomeric sequences observed in ALT cells. Extrachromosomal t-loops and circles can be quite large (27) , and could possibly participate in ALT by end-joining and/or as copy templates in a roll-and-spread mechanism (29b).
FEATURES OF ALT IN VIVO
Observational and clinical studies on ALT positive tumors might help fill in the gaps in our understanding of the ALT mechanism. ALT is most commonly activated in tumors of neuroepithelial origin (astrocytomas) or mesenchymal origin, including osteosarcomas, and soft tissue sarcomas (30) . The reason for this is unknown, but we speculate that some mesenchymal and neuroepithelial cells repress telomerase more tightly than epithelial cells and therefore have a higher relative probability of activating ALT during tumorigenesis. In sarcomas, ALT is more frequently activated in the subtypes with complex karyotypes, which are evidence of chromosomal instability (31, 32) . It could be argued that the ALT mechanism is, in part, the cause of this instability, because the critically short telomeres found in ALT cells are prone to end-to-end fusions, anaphase bridges, break -fusion -break events and ultimately severe chromosomal rearrangements. Not all soft tissue sarcomas associated with complex karyotypes are ALTpositive (30) , however, clearly showing that other factors contribute to chromosomal instability.
The relationship between tumor TMM and patient outcome is the subject of ongoing study. Observations in model systems suggested that ALT tumors may be relatively benign, although they may be lethal in humans in vivo (reviewed in 33). In osteosarcomas, the absence of both telomerase activity and ALT is associated with a longer survival (34) . In contrast, ALT activity is associated with longer survival of patients with high-grade astrocytomas (30, 35) and is a better prognostic indicator than age (35) . Therefore, the prognostic significance of ALT seems to vary among tumor types. Possibly, different tumor types activate ALT through different genetic pathways, and it may be these pathways rather than ALT itself that are responsible for different patient outcomes. In addition, ALT tumors may be less likely to metastasize than telomerase-positive tumors, although this does not seem to confer improved survival (30) .
WILL ALT SURVIVORS EMERGE IN TUMORS TREATED WITH TELOMERASE INHIBITORS?
In view of the imminent use of telomerase inhibitors as anticancer treatments, it will be important to determine whether inhibition of telomerase can select for cancer cells that activate the ALT mechanism. One study attempted to address this question by using a dominant negative TERT to inhibit telomerase activity in colon cancer cells. A clone was identified, which underwent episodic telomere lengthening, but lacked the characteristic features of ALT cells and eventually reactivated telomerase (36) . An explanation for the inability to activate ALT may be that the colon cancer cell line used in this experiment was MMR-deficient and, as described earlier, such lines very frequently have disruptions in one or Figure 2 . Graphical representation of the mechanism by which unequal t-SCE generates daughter cells with different telomere lengths and hence different lifespan potential. Post-replicative chromosomes have telomeres of essentially equal length (A). If the sister chromatids align their telomeres asymmetrically (B) and exchange telomeric sequences (C), this will result in two sister chromatids (D) and ultimately two daughter cells (E) with different telomere lengths. The daughter cell with shorter telomeres will soon senesce and be lost from the population, whereas the one with longer telomeres will have an extended proliferative potential.
more members of the MRN complex (19) which is required for ALT (12) .
In another study, telomerase-positive immortal human fibroblasts showed sustained proliferation in culture after spontaneously inactivating telomerase (37) . These cells did not express APBs or a telomere length pattern typical of ALT, and they reactivated telomerase upon treatment with the demethylating agent 5-aza-2 0 -deoxycytidine.
IS THERE MORE THAN ONE ALT MECHANISM?
Some telomerase-negative human tumors lack all of the known features of ALT activity, which raises the question whether there may be more than one ALT mechanism. A hint that this might be the case was provided by two recent studies of a telomerase-negative immortalized cell line, AG11395, which does not form APBs (38, 39) . S. cerevisiae cells are able to survive in the absence of telomerase either by activating a TMM similar to ALT (type II survivors) or by amplifying telomere sequences along with the subtelomeric Y 0 repeat element (type I survivors) (4, 5) . Mouse embryonic stem cells that survive in the absence of telomerase underwent amplification of both telomeric and non-telomeric sequences (40) . The AG11395 cell line contains amplified SV40 sequences within its telomeres, but in many other regards they are similar to ALT cells, exhibiting telomere dynamics (38) and ECTR content (39) typical of ALT. Instead of APBs, they contain nuclear aggregates of telomeric DNA and other proteins involved in recombination, including the MRN complex, but without PML. It remains unclear whether the TMM used by these cells corresponds to that described in type I telomerase-null yeast survivors or is instead a variant of the known ALT mechanism. If there is more than one ALT mechanism in human tumors, it will be important to develop assays that distinguish them and to determine the implications for cancer therapy and patient outcome.
IS ALT AN ATAVISTIC TMM?
It has recently been proposed that linear chromosomes and t-loops co-evolved in early eukaryotes (41) . T-loops potentially can help solve the two biological problems presented by linear chromosomes: they are double-strand breaks which need to be protected from being recognized as such and they are incompletely replicated. It has been suggested that t-loops solve the first of these problems by hiding the telomere end and the second by providing a ready-made recombination intermediate that allows the telomere to use itself as a template for recombination-mediated DNA replication, and thus synthesis of new telomeric DNA to compensate for the loss that occurs during each cell cycle. Furthermore, it was proposed that later in eukaryotic evolution this TMM was suppressed and supplanted by telomerase (41), a specialized reverse transcriptase that uses an integral RNA template molecule to synthesize telomeric DNA. In this view, the ALT mechanism found in human tumors represents a throwback to the earliest eukaryotic TMM. Some types of tumors, however, very frequently activate ALT (e.g. 77% of malignant fibrous histiocytomas) (30) , so it seems more likely that they are utilizing a dysregulated form of a modern TMM rather than a longsuppressed ancient mechanism. We suggest that an ALT-like mechanism is a part of normal mammalian telomere biology and that its normal regulation is lost in ALT-positive tumors. This would be analogous to the situation with telomerase, which is important for normal biology and becomes regulated abnormally in many human tumors. . Telomeric DNA is organized in a t-loop structure (42) . If the t-loop is inappropriately processed as a Holliday junction, both strands will be cleaved at the point of G-overhang invasion in the displacement loop. This mechanism will generate a shorter telomere along with a telomeric circle or a fragment of linear ECTR DNA. Holliday junction resolution at telomeres involves the activity of XRCC3 (28) and might involve RAD51C (43) . TRF2 is speculated to inhibit telomeric homologous recombination by protecting the t-loop from being inappropriately resolved as a Holliday junction (28) .
